Abstract Molecular imaging of prostate cancer is in a dynamic phase of development. Currently approved techniques are limited and researchers have been working on novel agents to improve accuracy in targeting and detecting prostate tumors. In addition, the complexity of various prostate cancer states also contributes to the challenges in evaluating suitable radiotracer candidates. We have highlighted nuclear medicine tracers that focus on mechanisms involved in bone metastasis, prostate cancer cell membrane synthesis, amino acid analogs, androgen analogs, and the prostate specific membrane antigen. Encouraging results with many of these innovative radiotracer compounds will not only advance diagnostic capabilities for prostate cancer but open opportunities for theranostic applications to treat this worldwide malignancy.
Introduction
With over one million men newly diagnosed with prostate cancer and over 300,000 deaths per year worldwide in 2012 [1] , there is great interest in better imaging tools for detecting prostate cancer both to aid in patient management and also to improve understanding of the disease. As a biomarker, imaging is a non-invasive, whole body method with immense potential to provide insight regarding tumor burden, assess response to therapeutic intervention, and characterize disease activity. Such knowledge could assist the development of personalized treatment strategies directed at yielding maximum benefit while minimizing adverse side effects. Prostate cancer management, in particular, can be greatly influenced by imaging. Evidence of distant metastases in a patient with presumed localized primary cancer completely changes management.
Current imaging methods are limited. The conventional bone scan is a projection image based on a single photon emitting radionuclide and 30-year-old technology. Moreover, it is both insensitive for early metastases, non-specific with regard to other coexisting benign bone disorders and is slow to respond when successful therapies are applied. Computed tomography, the other mainstay of conventional imaging, is insensitive for small nodal metastases and does not adequately depict bone disease. MRI has proven useful in localizing prostate cancer when combined with image-guided biopsy although it has a significant false negative rate. Its use is growing in monitoring metastatic disease but MRI is not yet routine for this. Thus, there are large opportunities for sensitive and specific imaging methods, especially those based on positron emission tomography (PET) technology.
It should be noted that the imaging of prostate cancer is made complicated by the complexity of the disease itself. At initial diagnosis, prostate cancers demonstrate a wide range of biologic activity, the majority of which are low grade and not clinically significant. Thus, it is not sufficient to simply visualize a cancer but also differentiate biologically aggressive types warranting life-altering therapies. When a patient recurs after definitive therapy (surgery or radiation), prostate specific antigen (PSA) starts to rise and in the absence of a known source, this is known as a biochemical recurrence (BCR). Identifying significant recurrences through imaging would be valuable. Finally, in the metastatic state, imaging must be sensitive to both nodal and bony disease, since these represent the most common sites of advanced disease. Nodal involvement may be minimal and bone disease tends to remain positive on bone scan even after the disease is suppressed with androgen deprivation therapy (ADT). Isolating sites of escape from androgen control, the castration resistant phenotype of prostate cancer, is also an important objective for imaging. Researchers have been studying many novel agents in hopes of reaching some of these goals. Here, we review the current state-of-the-art in PET imaging of prostate cancer.
Sodium Fluoride PET/CT (NaF)
Currently, the workhorse tracer for PET nuclear medicine, 18 F FDG (FDG), has unreliable specificity for prostate cancer. Another veteran agent, 18 F NaF (NaF) recently became available again for use as a PET tracer. Confined to evaluating only bone metastases, it has better sensitivity compared with traditional bone scintigraphy. However, NaF scans suffer from the same lack of specificity. Nonetheless, the sensitivity of NaF PET can be valuable. Results of the National Oncologic PET Registry (NOPR) revealed that NaF bone scans impacted management and replaced intended use of other advanced imaging in approximately 50 % of the 3531 prostate cancer patients recorded [2] . This included patients who were upstaged from M0 to M1 by NaF. In a group of 2217 mixed cancer patients, when NaF was used to monitor response to therapy, there was a 40 % change in treatment plan [3] . Combining 18 F NaF and 18 F FDG to improve detection of osseous metastases has been considered. Sampath et al. [4] studied 75 mixed cancer patients (39 with prostate cancer) who underwent combined 18 F NaF and 18 F FDG PET/CT and a separate diagnostic CT and found the combined PET scan was better at detecting bone metastasis than CT alone with a sensitivity of 97 % compared to 67 % for CT. Specificities were comparable at 86 % for PET and 78 % for CT. A small trial of six prostate cancer patients with castrate resistant bone metastasis evaluated combined NaF and FDG activity and observed some correlations in uptake and spatially dislocated lesion foci [5] . However, given the overall low sensitivity of FDG PET for prostate cancer metastases, the incremental value of adding this second PET scan (with added expense and radiation) is not justified at this time.
The benefit of NaF over traditional 99m Tc bone scan (TcBS) for routine use has been questioned. Its higher sensitivity means that more lesions are detected but this added information often does not alter treatment. Greater interest has centered on its ability to measure disease activity in response to treatment. Etchebehere et al. [6••] recently conducted a study of 42 castration resistant prostate cancer patients undergoing 223 Ra therapy. They found that quantitative tumor burden indices (total lesion uptake and volume) on baseline NaF scan were highly correlated and both parameters were significant independent predictors of overall survival. Visual analysis alone was not correlated with overall or progression-free survival. The average standardized uptake value (SUV) was, however, a significant risk predictor for skeletal-related events in these patients. This study concluded that NaF is an instrumental tool to assist in decisions regarding therapy with 223 Ra. In a smaller study, Yu et al. [7] evaluated NaF in castration resistant patients undergoing dasatinib treatment and noted that SUV changed as a result of therapy, but only 12 patients were studied. Correlations with progression-free survival were borderline in significance.
Evaluating NaF against other tracers, Poulsen et al. [8] studied detection of spine metastasis with NaF, 18 F choline (FCH) and TcBS and found NaF superior in sensitivity to FCH (93 vs 85 %) but conversely, FCH superior to NaF in specificity (81 vs 91 %). Both NaF and FCH were better than TcBS in hormone naïve patients.
Thus, NaF PET is most useful in high-risk patients to confidently detect or eliminate bone disease and potentially monitor the effects of therapy on bone metastases.
C Acetate
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C acetate is a first generation PET tracer exploiting the upregulation of fatty acid synthase in prostate cancer. Acetate is taken up by cells, converted into acetyl-CoA and then oxidized in the mitochondria by the tricarboxylic acid (TCA) cycle for energy production or, transformed into fatty acids and integrated into the cell membrane. Prostate tumor cells have an overabundance of fatty acid synthase enzyme, predominantly favoring the conversion of acetate to fatty acids used to produce phosphatidylcholine found in cell membranes. Thus, fatty acid synthesis promotes survival and growth of the cancer [9] . Increased fatty acid synthase activity in cell nuclei has been shown to correlate with aggressive prostate tumors [10] . While
C acetate has shown some promise in detecting advanced prostate cancer, it has not proven helpful in evaluating localized disease. Mena et al. [11] studied 39 patients with localized disease and found uptake in tumor was higher than normal prostate tissue, but similar to benign prostatic hyperplasia. In a meta-analysis of 23 studies [12] , 11 C acetate had a sensitivity of 75 % and specificity of 76 % for detecting primary tumor. For this reason, it is not likely to be used as an independent imaging agent for primary cancer; however, it could be beneficial for monitoring recurrence after focal therapy when anatomical distortions from intervention may be difficult to assess with conventional imaging. For intermediate and high-risk patients (tumor grade T2b/c or T3, Gleason score >7 or PSA >10), Haseebuddin et al. [13] found 11 C acetate to be helpful in pelvic nodal staging and treatment planning prior to prostatectomy. In biochemical recurrence, the meta-analysis from Mohsen et al. [12] found 11 C acetate sensitivity was low (64 %) while specificity was good (93 %). Recently, Leisser et al. [14] retrospectively studied 11 C acetate in 123 prostate cancer patients with suspected biochemical relapse.
C acetate identified recurrence in 82 patients and SUV correlated with initial Gleason score. Higher tumor uptake ratios in PET positive patients were associated with higher PSA velocities, but no correlation was seen with SUV. Another study of 11 C acetate in biochemically recurrent prostate cancer was done by Dusing et al. [15] . They retrospectively looked at 120 patients after definitive therapy and found PSA values greater than 1.24 ng/mL or PSA velocity greater than 1.32 ng/mL/year demonstrated a higher percentage of positive findings on PET with a sensitivity of 86.6 % and specificity of 65.8 % for elevated PSA levels and sensitivity of 74 % and specificity of 75 % for PSA velocity. Thus, 11 C acetate, as a marker for fatty acid synthase overexpression, could be a useful prognostic indicator for tumor aggressiveness in recurrent disease. However, the performance of 11 C acetate in biochemical recurrence is only fair and may be supplanted by other, newer methods. In addition, the halflife of 11 C is short at 20 min, limiting its availability to large centers with an on-site cyclotron. F choline are mainly used to detect disease in biochemically recurrent (BCR) patients. Umbehr et al. [16] demonstrated a high sensitivity of 85 % and specificity of 88 % in a meta-analysis of patients with biochemical recurrence. Evangelista et al. [17] performed another meta-analysis with 1555 BCR patients and found the sensitivity and specificity of 86 and 93 % respectively for all sites (prostate fossa, lymph nodes and bone.) Detecting recurrent disease in the prostatectomy fossa had a lower sensitivity of 75 % and specificity of 82 %. Identifying metastatic disease in lymph nodes revealed a sensitivity of 100 % and specificity of 82 %. These results are clearly very promising. However, when Beheshti et al. [ C choline in early BCR after radical prostatectomy (RP) in 605 patients and only detected disease in 28 %. PSA and PSA doubling time were significant predictors for a positive PET with a PSA level of 1.05 ng/mL and doubling time of 5.95 months determined to be critical values for positive PET studies. It is clear that the mix of patients in a series defines the outcomes necessitating multi-institutional studies with fixed entry criteria. False positives are also a problem. For instance, Suardi et al. [21] demonstrated a 20 % false positive rate for lymph nodes in the preoperative setting with FCH.
An interesting phenomenon observed with choline PET is that hormonal therapy may cause bone marrow activation throughout the skeleton causing widespread heterogeneous tracer uptake which may obscure bone metastasis. Despite this, most studies show that choline PET can detect malignant bone disease. Wondergem et al. [20] found choline PET to have better specificity than NaF for bone metastases. On a lesion-based analysis, sensitivity was 84 % and specificity was 97.7 %. Patient-based analysis was similar with sensitivity of 85.2 % and specificity of 96.5 %. Piccardo et al. [21] C choline PET/CT, and multiparametric MR were comparable in detection rates at 86, 76, and 81 %, respectively. NaF had the highest sensitivity for bone metastases.
Another way to assess the influence of a radiotracer is to note its effect on patient management or survival. Ceci et al. [22] retrospectively looked at the impact of 11 C choline imaging in 150 patients with recurrent prostate cancer. An overall change in therapy because of 11 C choline PET occurred in almost 47 % of patients. They also noted that PSA level, doubling time, and ADT were significant predictors for positive scans. C choline PET/CT scans had median survival of 4.1 years compared to 7.9 years in patients with negative scans.
11 C choline PET/CT was fairly accurate in predicting prostate cancer specific survival in this subset of patients.
Thus,
C/ 18 F choline has been used to detect recurrences in BCR. It has a good sensitivity and specificity for disease. Unfortunately, there is a 20 % false positive rate in nodes which poses a challenge.
C choline benefits from the relative absence of renal excretion and prior FDA approval whereas 18 F choline benefits from a longer half-life but more renal excretion obscuring the pelvis. The primary role of these agents is in BCR where it is limited in detecting cancer in the prostatic fossa but is most useful for detecting nodal and bony disease.
Amino Acid Analogs
A number of amino acid analogs have been proposed as imaging agents for prostate cancer. The most notable of these is 18 F FACBC, a leucine analog. Prostate cancers upregulate certain amino acid transporters and this analog is taken up in cancer cells. In primary disease, 18 F FACBC shares the problem of non-specificity of uptake that is seen with other first generation agents [24] . For BCR and advanced disease, it appears to perform comparably to 11 C acetate and the cholines, although recently, Nanni et al. [25] reported in a small study of 28 patients that 18 F FACBC outperformed 11 C choline. In general, 18 F FACBC has higher sensitivity but lower specificity. For instance, in a trial of 93 patients, Schuster et al. [26] demonstrated a 90 % sensitivity but only a 40 % specificity indicating many false positives. Similarly, a metaanalysis of 251 patients showed a pooled sensitivity of 87 % with a pooled specificity of 66 % [27] . Thus, 18 F FACBC appears to be a highly sensitive technique for detecting recurrent disease but suffers from a relatively high false positive rate. Since this could result in false upstaging of disease, the clinical utility of this agent needs to be considered in the context of newer PET agents.
Dihydrotestosterone Analogs (
F DHT)
Prostate cancer is driven by the androgen receptor (AR) so it makes sense that AR-targeted imaging might be useful in depicting cancer. This is especially true in advanced Bandrogen independent^cancers where high binding may suggest the need for second generation anti-androgen therapies. The PET agent 18 F fluoro-5a-dihydrotestoterone (FDHT) binds to the androgen receptor with high affinity thus demonstrating the location of prostate cancer cells with high expression of wild-type AR. Dihydrotestosterone (DHT), a derivative of testosterone, is the natural ligand for the androgen receptor. When bound to the androgen receptor, DHT causes normal and malignant prostate cells to proliferate. In theory, the FDHT scan would be most useful in identifying cells with high AR expression. However, mutations in the AR are known to occur but have unknown impact on DHT binding. Beattie et al. [28] demonstrated the potential of FDHT to estimate androgen receptor expression changes in prostate cancer patients during treatment with second generation antiandrogens. Comparing FDHT with FDG, Larson et al. [29] found FDG detected 57/59 lesions and FDHT found 46/59 lesions, establishing the feasibility of FDHT to recognize disease. Further studies in 38 castration resistant patients by Vargas et al. [30] revealed that patients with higher FDHT uptake in bone lesions were more likely to have a shorter survival time. The usefulness of DHT imaging is still uncertain. A novel antiandrogen clinical trial conducted by Rathkopf et al. [31] utilized FDHT imaging to measure effective targeting of the drug, ARN-509, to the androgen receptor. Recent work has been done [32] to construct radiotracers specific to mutated androgen receptors which are exclusive to prostate cancer. To date, only a limited number of sites have produced FDHT and its major role appears limited to acting as a pharmacodynamics marker in clinical trials of antiandrogen therapy.
Prostate Specific Membrane Antigen (PSMA)-Targeted Agents
Prostate specific membrane antigen (PSMA) is overexpressed on prostate cancers, especially those with more aggressive histologic features. PSMA is a transmembrane receptor. The function of its external domain is enzymatic including folate hydrolase and NAALDase enzymes while the function of the internal domain is uncertain. PSMA itself does not have any obvious function in prostate cancer cells as its absence or inhibition does not prevent growth. Nonetheless, its overabundance in prostate cancer makes it a target for imaging and therapy agents.
The first generation of PSMA-targeted molecules was antibodies.
111
In-capromab pendetide was FDA approved in the 1990s but did not have much impact because it targeted the internal domain of PSMA. The antibody, J591, was developed to target the external domain. 89 Zr J591 has prominent liver and cortical renal uptake but no significant urinary activity. Osborne et al. [33] studied 11 patients with localized prostate cancer using 89 Zr J591. This agent detected 8/11 index lesions, but uptake was also seen in benign prostatic hyperplasia and imaging needed a delay of 5-7 days after injection to minimize background activity. Pandit-Taskar et al. [34] evaluated 89 Zr J591 in 50 castration resistant prostate cancer patients with progressive metastatic disease and also found delayed imaging at 6-8 days was needed to best see lesions. They reported 95 % accuracy for detecting bone lesions, but only 60 % accuracy for visualizing soft tissue disease. One advantage of using the antibody scaffold is that it is relatively straightforward to attach therapeutic radionuclides as well. For instance, Vallabhajosula et al. [35] conducted five clinical phase I and II studies on prostate cancer patients with 177 Lu J591 radiotherapy, primarily a beta-emitter. They demonstrated accurate targeting of known metastasis in >90 % of patients and PSA declines in >60 %. Antibodies clearly have the advantage of high affinity but have limitations in tissue penetration and require delayed imaging. Thus, small molecule agents targeting PSMA are of great interest.
In the early 2000s, small molecule PSMA antagonists began to be developed. An early trial using 124 I MIP 1095, a small molecule PSMA inhibitor showed promising results and could be converted to a therapeutic agent by exchanging the 124 I for 131 I. Zechmann et al. [36] treated 28 patients with a single cycle with a mean dose of 4.8 GBq. PSA values decreased greater than 50 % in 17 patients and in the 13 patients with bone pain, 11 improved or resolved. However, there was concern about the possibility of de-iodination which would limit the specificity of the agent both for imaging and therapy. Ga PSMA detected 83 % of lesions and uptake correlated with PSA level and androgen deprivation therapy. Lesion-based analysis demonstrated a sensitivity of 76.6 %, specificity of 100 %, negative predictive value of 91.4 %, and positive predictive value of 100 %. Sensitivity went up to 88.1 % on patientbased analysis. Among 416 histologically confirmed lesions, there were 30 false negatives with 68 Ga PSMA. Eiber et al. [38] retrospectively studied 248 men with BCR using 68 Ga PSMA and detected a malignant lesion in 90 %. Detection rates improved with higher PSA levels and higher PSA velocity, but no significant association was seen with PSA doubling time or the use of antiandrogen therapy.
68
Ga PSMA was more sensitive than conventional CT in detecting lymph node recurrences less than 8 mm in size. [39] Ga PSMA detected more disease at lower PSA levels and influenced clinical management more frequently. At PSA levels below 0.5 ng/mL, 68 Ga PSMA had a detection rate of 50 % compared to 13 % for FCH. At PSA levels of 0.5-20 ng/mL, it showed detection rates of 69 vs 31 % for FCH. With PSA levels over 2 ng/mL, 68 Ga PSMA detection improved to 86 % detection while FCH went up to 57 %. Ceci et al. [43] demonstrated that 68 Ga PSMA detected sites of relapse in 74 % of patients and found a PSA level of 0.83 ng/mL or higher and a PSA doubling time of 6.5 months or shorter to be correlated with a higher likelihood of positive PET findings.
The possibility of using PSMA imaging to guide surgery has received attention. Maurer et al. [44] published a feasibility study on PSMA-radioguided surgery to find metastatic lymph nodes in five prostate cancer patients who had been imaged with 68 Ga PSMA PET. Using an 111 In-labeled PSMA investigational compound, the intraoperative gamma probe found the lymph nodes seen on PET as well as additional nodes not captured on imaging, all with histologic confirmation. Hijazi et al. [45] studied 17 men with BCR or high-risk primary prostate cancer who underwent extended pelvic lymph node dissection after positive findings on 68 Ga PSMA PET/CT. A median number of 10-12 lymph nodes were removed per patient. On histopathological examination, an overall total of two lymph nodes were false positive and one lymph node was false negative on PET.
A modified version of PSMA-HBED-CC, PSMA-617 has recently emerged as a potential therapeutic and diagnostic agent. Afshar-Oromieh et al. [46] published the first diagnostic experience of 68 Ga PSMA-617 in humans. This agent requires a delay of 2-3 h postinjection compared to 1 h post-injection for the original agent. This scaffold enables the conjugation of a chelate that can hold a therapeutic radio-isotope. Ahmadzadehfar et al. [47] described treating 10 progressive, castration resistant metastatic prostate cancer patients with 177 Lu PSMA-617. Follow-up after 8 weeks showed a PSA decline in seven patients and only mild side effects.
One question surrounding the use of 68 Ga PSMA PET is its practicality. 68 Ga is produced in a generator that must be purchased annually and then the agent is synthesized locally. This is of course possible for tertiary academic centers with the existing radiochemistry infrastructure but may not yet be feasible at the community hospital level. The 68 min half-life of 68 Ga makes it difficult to ship from a central source. Therefore, an alternative 18 F-based compound, 18 F DCFBC, has been developed by Martin Pomper's group (Fig. 1 ). Preliminary experience with this tracer is promising. In localized disease, there is no uptake in benign prostatic hyperplasia. In evaluating localized prostate cancer, Rowe et al. [48] studied 13 patients scheduled for prostatectomy who were imaged with 18 F DCFBC. Dedicated prostate MR was also obtained in 12 patients and proved to be more sensitive in primary cancer detection than 18 F DCFBC. The radiotracer was more specific for high grade, larger volume tumors than MRI with notable decreased activity in benign prostatic hypertrophy.
A second generation 18 F agent, 18 F DCFPyL, has recently been developed. This agent has improved characteristics over its predecessor, including a binding affinity five times stronger than 18 F DCFBC, significantly less blood pool activity and a reduced radiation exposure [49] . Dietlein et al. [50•] compared 18 F DCFPyL to 68 Ga PSMA in 14 prostate cancer patients with biochemical relapse and noted comparability in detecting lesions. 18 F DCFPyL demonstrated higher SUVs and actually localized more lesions in three patients.
Thus, the PSMA-based agents appear to have excellent sensitivity and outstanding specificity for prostate cancer. Among all the agents discussed here, these properties make this agent most likely to become widely available in the clinic.
Opinion Statement
Prostate cancer is a prevalent malignancy for which current imaging methods underperform. Important gains could be made if reliable imaging were available for detecting localized disease, recurrent disease after therapy and accurately monitoring metastatic disease on therapy. Nuclear medicine research has developed many innovative agents to help address these issues by exploring unique targets such as cancer's proliferative phospholipid cell membrane, amino acid uptake, and distinctive antigens and receptors. Novel tracers facilitate improved imaging of prostate cancer, but also usher in new compounds that could be useful for directing treatment as well. The current generation of PSMA-targeted PET agents clearly provides the most encouraging results. Further, theranostic imaging, whereby cancer could be both seen and treated, could transform the clinical landscape of prostate cancer management and provide more precise and curative treatment for a disease affecting many patients worldwide. Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
